We have studied the ability of outer membrane vesicle (OMV) vaccines from Neisseria meningitidis serogroup B to induce vaccine-specific antibody and spleen cell proliferative responses in mice after being administered intranasally (i.n.) and/or subcutaneously (s.c.). A series of four weekly i.n. doses (25 g) without adjuvant or a single s.c. dose (2.5 g) with aluminum hydroxide was followed 2 months later by secondary i.n. or s.c. immunizations. After i.n. priming, both immunoglobulin G (IgG) antibody responses in serum, measured by enzyme-linked immunosorbent assay, and IgA antibodies in saliva and extracts of feces were significantly boosted by later i.n. immunizations. The IgG antibody responses in serum were also significantly augmented by secondary s.c. immunization after i.n. as well as s.c. priming. Sera from mice immunized i.n. reached the same level of bactericidal activity as after s.c. immunizations. The s.c. immunizations alone, however, had no effect on mucosal IgA antibody responses, but could prime for booster antibody responses in secretions to later i.n. immunizations. The i.n. immunizations also led to marked OMV-specific spleen cell proliferation in vitro. Both serum antibody responses and spleen cell proliferation were higher after i.n. priming and later s.c. immunizations than after s.c. immunizations alone. There was thus no evidence that i.n. priming had induced immunological tolerance within the B-or T-cell system. Our results indicate that a nonproliferating meningococcal OMV vaccine given i.n. can induce immunological memory and that it may be favorably combined with similar vaccines for injections.
Most pathogens enter the host through the mucosal membranes where the immunological processes are initiated. Vaccines administered directly onto mucosal surfaces are intended to mimic these processes, which include a mucosal immune response, characterized by secretory immunoglobulin A (IgA) antibody production not normally induced by parenteral vaccines. Mucosal vaccines consisting of live, attenuated microbes have indeed been shown to effectively induce mucosal as well as systemic immune responses of importance for protection against disease (27) . However, since live vaccines may themselves carry some risk of disease, several research groups have focused on the development of nonreplicating mucosal vaccines (18, 26) . Results of animal experiments suggest that such vaccines based on microbial components may be effective only if a so-called mucosal adjuvant is added (18) . Serious concerns have been raised, however, that nonliving protein material delivered onto mucosal surfaces may induce a state of tolerance (12, 15) . It has also been shown during the last few years that even cholera toxin (CT) or its B-subunit, which are strong mucosal adjuvants for induction of antibody responses, may actually be tolerogenic when it comes to T-cell-dependent immunity (14, 24) .
We have been able to show that formulations of bacteriumderived particles can induce both local mucosal and systemic antibody responses when applied to various mucosal surfaces of mice (2, 6, 11, 13) . With a heat-killed whole-cell pneumococcal vaccine, however, a far better effect was obtained when administered intranasally (i.n.) than when given into either the oral cavity, the stomach, or via rectum into the lower intestine (13) . It was also evident that i.n. immunizations with simple suspensions in saline of particles derived from pneumococci, serogroup B streptococci, Bordetella pertussis, and serogroup B meningococci induced very good antibody responses, even without the addition of CT (2, 6, 11, 13) . It thus appeared that these particles possessed some kind of self-adjuvanticity.
The immunogenicity of such nonreplicating particles was confirmed by a limited study in humans immunized i.n. with an outer membrane vesicle (OMV) vaccine prepared from group B meningococci (9) . The functional ability of the serum antibodies, measured in this study as bactericidal activity, was moreover better than expected from the antibody concentrations measured by conventional enzyme-linked immunosorbent assay (ELISA). It also became evident that the same vaccinees responded with an increase in vaccine-specific T-cell proliferation (21) . Simple formulations of particles derived from airway pathogens may therefore represent a model system for development of efficient nonreplicating nasal vaccines.
In the present study, we have focused on the development in mice of immunological memory and the possibility that i.n. or subcutaneous (s.c.) priming with a meningococcal OMV vaccine might lead to booster responses to later i.n. or s.c. immu-Quantitation of antibody responses. OMV-specific IgA antibodies in saliva and extracts of feces and OMV-specific IgG antibodies in serum were analyzed by ELISA using Nunc Immuno Plates (MaxiSorp F96; Roskilde, Denmark). ELISA plates were coated for at least 1 week at 4°C with OMVs at 4 g/ml in 0.1 M Tris-HCl buffer (pH 8.6). Nonspecific protein-binding sites were blocked with PBS (pH 7.2) containing 5% skim milk (Oxoid), and after 1 h of incubation at 37°C and 30 min at room temperature, the plates were washed with PBS containing 0.05% Tween 20. Serum samples, extracts of saliva and feces, and standard solutions were applied to the ELISA plates (100 l per well), serially diluted twofold in the blocking solution, and incubated at 4°C overnight. The plates were then washed with PBS containing 0.05% Tween 20, before being incubated for 1 h at room temperature with peroxidase-conjugated goat antibodies directed against mouse IgA or IgG, both diluted 1:1,000 in blocking buffer (100 l per well). After washing, bound antibodies were detected with o-phenylenediamine (Sigma) in 0.05 M phosphate citrate buffer (pH 5.0). Optical densities were read at 492 nm in a Titertek Multiscan Plus MK II (Labsystems, Helsinki, Finland). Standard curves were generated, and anti-OMV antibody concentrations (in arbitrary units) in unknown samples were determined based on a defined pool of sera or secretions. The unknown samples were corrected for the weights of the original samples and for dilutions made during extraction from wicks and preparation for ELISA.
SBA. The serum bactericidal activity (SBA) assay was performed with an agar overlay method in microtiter plates as described previously (10) . In brief, twofold dilutions of sera, starting at 1:2, were tested with a meningococcal inoculum of about 80 to 100 CFU (per well) of the 44/76-SL variant of a B:15:P1.7,16 strain (23), first grown overnight on brain heart infusion agar with 1% horse serum, and then grown for 4 h in 5% CO 2 atmosphere at 37°C on a new plate. Human plasma from an individual without bactericidal antibodies to the strain was used as a complement source (22) . Agar was added to the plates after a 30-min incubation of the reaction mixture at 37°C. The numbers of CFU were counted after overnight incubation in 5% CO 2 at 37°C. The titers are given as the highest reciprocal final dilution of serum killing more than 50% of the inoculum.
Spleen cell proliferation assay. Spleen cells were prepared according to standard methods. In brief, single-cell suspensions were obtained by mechanical disruption of the spleens. Cells were washed three times in RPMI 1640 (Biowhittaker, Verviers, Belgium) and resuspended in RPMI 1640 complete medium, including FCS (10%) and penicillin and streptomycin (1%). Spleen cells were then seeded in flat-bottom 96-well microtiter plates (Costar, Cambridge, Mass.) at a concentration of 10 6 cells/well, together with antigen in triplicates. OMVs were added to final concentrations of 1, 0.2, 0.04, and 0.008 g/ml. The results described are based on the optimal concentration found (0.04 g/ml). The mitogens phytohemagglutinin and concanavalin A were used as positive controls at final concentrations of 5 g/ml. Negative control wells received medium only. The final volumes were adjusted to 200 l/well. After 6 days of incubation in 5% CO 2 at 37°C, the cells were pulsed with Statistical analyses. The significance of differences between groups of animals was determined by the two-tailed Mann-Whitney U test with PRISM software (GraphPad Software, San Diego, Calif.)
RESULTS
Immunizations i.n. can prime for and boost mucosal and systemic antibody responses. After the first series of four i.n. doses of the OMV vaccine, significant IgG and IgA antibody responses, measured by ELISA, were reached, respectively, in serum (median value, 522 kU/ml) ( Fig. 1 , upper panel) and saliva and feces (medians, 3.5 kU/ml and 1.1 kU/g, respectively) ( Fig. 2 and 3 , upper panels). The concentrations of antibodies persisted until the next series of four weekly i.n. vaccine doses, after which the concentrations were significantly augmented compared with the responses after primary immunizations alone (serum IgG median, 1,202 kU/ml, P ϭ 0.015; saliva IgA median, 10.9 kU/ml, P ϭ 0.003; feces IgA median, 3.6 kU/g, P ϭ 0.007). The i.n. secondary immunizations could thus boost both serum and mucosal antibody concentrations that had been induced by i.n. priming.
In serum, the IgG antibody responses were also significantly augmented by secondary s.c. immunization (median, 2,793 kU/ ml), compared to responses after i.n. priming only (P ϭ 0.0002) (Fig. 1, upper panel) . These responses to secondary s.c. immunizations did not differ significantly from the responses to secondary i.n. immunizations (P ϭ 0.2). On the other hand, the IgA antibody concentrations in saliva and feces were not influenced by the secondary s.c. immunizations after i.n. priming ( Fig. 2 and 3 , upper panels). Thus, mucosal immunizations seemed to be necessary to obtain mucosal antibody responses.
Immunizations s.c. can prime for, but not boost, mucosal antibody responses. Primary s.c. immunizations alone induced serum IgG antibody responses (median, 414 kU/ml), but no effect on IgA antibodies could be detected in saliva or feces ( Fig. 1 to 3 , lower panels). In serum, secondary immunizations by both the i.n. and s.c. routes led to significant booster responses (medians, 6,077 and 2,926 kU/ml, respectively) compared to responses induced by s.c. priming alone (P ϭ 0.0012 and P ϭ 0.0003, respectively) ( Fig. 1, lower panel) . With these immunization regimens, it appeared that i.n. boosting was just as effective as s.c. boosting following priming via the s.c. route (P ϭ 0.3).
Surprisingly, i.n. secondary immunizations induced strong IgA antibody responses in both saliva and feces after s.c. priming (medians, 8.1 kU/ml and 22.4 kU/g) ( Fig. 2 and 3 , lower panels). These responses were not different from those obtained after i.n. priming (P Ͼ 0.2) and indicate that s.c. immunizations can effectively prime the mucosal immune system for later booster responses to mucosal immunizations. On the other hand, secondary immunizations by the s.c. route did not lead to any measurable mucosal antibody responses. This is in line with the previous observation that mucosal immunizations were of importance for obtaining sizable antibody responses at the mucosal surfaces, whether the mucosal immune system had been primed by s.c. or by mucosal immunizations.
The i.n. immunizations induced serum bactericidal activity at the same level, as did s.c. immunizations. Sera from mice that were primed i.n. showed bactericidal activity in the same range as those from mice primed s.c. (P ϭ 0.3) ( Table 1 ). In the i.n. primed group, secondary s.c. immunizations induced significant further increases in bactericidal activity (P ϭ 0.015), whereas secondary i.n. immunizations did not. Significant increases in bactericidal titers were also observed in sera from mice that were primed s.c. and boosted i.n. or s.c. (P ϭ 0.009 and P ϭ 0.04, respectively). After secondary immunizations, there was no significant difference (P ϭ 0.2) in bactericidal titers of the group that had been primed and boosted i.n. from the group that had received s.c. immunizations only. after start of the weekly i.n. immunizations, proliferation was significantly higher than in the control group (P ϭ 0.009) (Table 2). In mice immunized once s.c. with adjuvant, proliferation was of the same magnitude as after three i.n. doses without adjuvant (week 3) (P ϭ 0.6).
Three months after the primary series of four i.n. OMV vaccine doses (Fig. 4, second column) , antigen-specific spleen cell proliferation was still significantly increased (P Ͻ 0.0001) compared to the corresponding response obtained with nonimmunized control mice (Fig. 4, last column) . This response to i.n. immunizations was significantly higher (P ϭ 0.02) than those obtained 3 months after a primary s.c. immunization (Fig. 4, fourth column) . After i.n. priming and secondary s.c. immunization (Fig. 4, first column) , however, there was no further increase in response (P ϭ 0.3) compared to i.n. priming alone (Fig. 4, second column) . The responses to recent s.c.
immunizations after s.c. priming, or with no priming (Fig. 4 , third and fifth columns), were lower than those observed in mice that had previously been immunized i.n. (Fig. 4 , first column), but were still significantly different (P Ͻ 0.05) from those of the control mice (Fig. 4, last column) . We also found that the two groups of mice that responded weakly after recent s.c. immunization (Fig. 4 , third and fifth columns) had a higher background level (cpm without antigen) than the other groups. In part, this might explain the observation that mice that had been primed and boosted s.c. had lower response levels than the group that had only been primed s.c.
Immunizations i.n. may not induce immunological tolerance. Antibody responses in serum were stronger after i.n. priming and secondary s.c. immunizations (median value, 2,793 kU/ml) (Fig. 1, upper panel) than after priming only via the s.c. route (median, 414 kU/ml) (Fig. 1, lower panel, left) . It was thus evident that i.n. immunizations had a positive (P ϭ 0.001) rather than a tolerogenic effect on the systemic antibody re- 
FIG. 4.
In vitro vaccine-specific spleen cell proliferation after primary i.n. and primary plus secondary s.c. immunizations of mice with meningococcal OMV vaccines. Four i.n. doses were given at weekly intervals, starting at week 0, and one primary and secondary s.c. dose each was given at weeks 1 and 13. A nonimmunized group of mice served as controls. Samples of spleen cells were collected at weeks 14, 15, and 16 and stimulated for 6 days in vitro with OMVs. The results are given as individual values and as medians (horizontal lines) in cpm after subtraction of background values obtained in the absence of OMVs (⌬cpm).
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IMMUNOLOGICAL MEMORY INDUCED BY A NASAL OMV VACCINE 5013 sponses to later s.c. immunization. Similarly, vaccine-specific spleen cell proliferation was higher in the group that had been primed i.n. and immunized s.c. later than in all other groups that had been immunized s.c. only (P Ͻ 0.004) (Fig. 4) . Even when the effect of spontaneous proliferation or background activity was not subtracted for, the influence of i.n. immunizations on later responses to s.c. immunizations was still positive (P Ͻ 0.005).
DISCUSSION
A vaccine consisting of OMVs from group B meningococci suspended in saline has previously proved to be strongly immunogenic in mice and humans when administered i.n. as drops or spray, even without the use of additional mucosal adjuvants (6, 9, 21) . The results of the present study with mice showed that i.n. immunizations with such OMV vaccines could also prime the immune system for both mucosal and systemic booster antibody responses to later repeated i.n. immunizations. This is in agreement with previous observations that mucosal immunizations may lead to immunological memory (17) . Moreover, the booster antibody responses in serum to secondary i.n. immunizations without adjuvant were just as prominent as those after s.c. immunizations with adjuvant, whether the priming had been made i.n. or s.c. Also when testing for serum bactericidal activity, i.n. immunizations were just as effective as s.c. immunizations. Thus, it appears that formulations of nonproliferating mucosal vaccines may be favorably combined with traditional injectable vaccines, at least when it comes to systemic antibody responses.
When comparing the antibody responses to vaccines given by different routes, the higher dose of the nasal vaccine compared to the s.c. vaccine has to be taken into account. One reason for this was the increased waste and spillage of nasal drops compared to an injected formulation; another was the lack of additional adjuvant of the nasal vaccine. A small amount of deoxycholate in the OMV preparations might also have an effect on mucosa different from that in the s.c. tissue, although a mucosal vaccine consisting of whole heat-inactivated meningococci devoid of deoxycholate was just as immunogenic as the OMVs. Ongoing experiments indicate, however, that the number of nasal vaccine doses might actually be reduced if time is allowed for immunologic memory to develop (H. Bakke, unpublished observations).
As expected, mucosal antibody responses in the present study were not seen after s.c. immunizations alone. It was surprising, however, that high levels of vaccine-specific antibodies were found in both saliva and feces after s.c. priming followed by i.n. boosting. This finding indicates that the secretory and systemic immune systems are not totally segregated and confirm previous observations that it is possible to prime intestinal immune responses by parenteral immunizations (see reference 3 for review). It may also help explain the observation that mucosal immunizations can induce antibodies at mucosal areas distant from the induction site (4, 8, 13) . Although the most prominent antibody responses are found in secretions close to the sites of induction (4, 8, 9) , the impact of s.c. priming on intestinal antibody responses to i.n. immunizations in this study is further in favor of a "common" or "regionalized" mucosal immune system (4, 19) . At any rate, this observation might be of advantage in the design of future immunization regimes to improve an anticipated protective effect at the mucosal level.
The marked proliferation of spleen cells from mice that had received the OMV vaccine i.n., when exposed to the vaccine antigens in vitro, indicates that T cells had also been primed in vivo by these immunizations. This is in line with previous observations showing an in vitro vaccine-specific proliferation of peripheral blood mononuclear cells from humans who had received a similar vaccine i.n. (21) . The pronounced increases in proliferation in the present study with the first series of weekly repeated i.n. immunizations suggest that immunological memory might have been induced as well within the T-cell system.
The in vitro spleen cell proliferation in the mice that had received the OMV vaccine s.c. was surprisingly low compared to what was achieved with i.n. immunizations and was not in accordance with the findings in humans, in which the proliferation of peripheral blood mononuclear cells was more marked after parenteral than after i.n. immunizations (20, 21) . In the present study, the low degree of spleen cell proliferation could in part be explained by a concomitant high background activity (i.e., the spleen cells obtained shortly after s.c. immunizations proliferated spontaneously in vitro without the addition of vaccine antigens). It seemed also that the in vivo priming of spleen cells by s.c. immunizations had a different kinetic pattern than that seen after i.n. immunizations.
Normally, soluble proteins may induce a state of immunological tolerance when administered onto mucosal surfaces (16) . However, we found no evidence that the particulate protein vaccine used i.n. in this study had any negative effect on antibody responses upon later exposure to the same antigens via the i.n. or s.c. routes. In fact, it seemed that these responses were not at all hampered by preformed local mucosal or systemic antibodies. Mucosal vaccines may therefore have an advantage over parenteral vaccines that may be less effective in individuals who have preexisting antibodies (e.g., in infants with systemic IgG antibodies derived prenatally) (25) .
Previous observations by others have indicated that mucosal vaccines consisting of soluble proteins may also lead to substantial antibody responses, especially when mucosal adjuvants are added, but at the same time to induction of tolerance within the T-cell system (12) . Similarly, feeding of CT, which is known as a strong antibody inducer, may result in specific T-cell tolerance when later injected (14) . Moreover, the use of the B-subunit of CT as a mucosal adjuvant for antigens fed to test animals has been found to induce T-cell tolerance on later exposure to that antigen (5) . In the present study with the OMV vaccine, however, i.n. priming augmented rather than reduced the vaccine-specific spleen cell proliferation in response to later s.c. immunizations. In our hands, therefore, the OMV vaccine did not induce any sort of immunological tolerance. It is tempting to speculate that the reason for this might be the similarity of the bacterium-derived particulate vaccine to the infectious agent itself and the fact that the vaccine is deposited at a mucosal surface to which the proper infectious agent will also attach and colonize. Our results suggest that nonproliferating vaccines based on bacterium-derived particles may be effective when given i.n. and that they may well be used in conjunction with similar vaccines for injection.
